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(57) Abstract 

A method and device fin* examining the 
internal sfcoctttrc of an object US63 diffracted X* 
xays or other penetrating radiation. In one env 
bodhnent spatial filters (120* 130) proximate to 
0 source of tanlatica (1100 trammic an array of 
divergent pool-beams (133), which irradiate an 
object (140) being examined. The object ab- 
sorbs, refracts, (Effects and incoherently scatters 
radiation from me pixel-beams. Spatial filters 
(150. 160) proximate to a detector (170) block 
i mrtf fl ectfd and nnrcfractcd radiation which ex- 
its the object. Tlic detector separately measures 
diffracted radiation from each pixel-beam. 


160 Detector 
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X-RAY AND NEUTRON D I FFRACTOMETRI C IMAGING 
OF THE INTERNAL STRUCTURE OP OBJECTS 

BACKGROUND O y THE TNVENTTrM 
5 Field of the Inventinn 

The present invention relates to using diffraction 
of penetrating radiation to image or analyze the 
internal structure of objects such as biological 
objects, plastics, metals, and other materials with 
10 ordered molecular or atomic structures. 

Descripti on of Related Art 

When a beam of penetrating radiation such as 
X-rays or neutrons is incident on an object, the beam 
15 is affected by absorption and scattering. Conventional 
X-ray radiography forms images showing a pattern of 
absorption of X-rays in an object. In conventional 
radiography, scattering is a parasitic effect. 
Scattering has several distinct mechanisms such as non- 
20 coherent scattering, refraction, and diffraction. 
Recently, Mitrofanov (British patent publication 
2317453), Belyaevskaya (PCT International publication 
WO 92/21016) and Wiixins (PCT International publication 
WO 95/05725) proposed approaches for refractive imaging 
25 of the objects. 

The refractometric imaging systems of Mitrofanov 
and Belyaevskaya use detectors which rely on Bragg ' 
diffraction din crystals to detect refracted radiation. 
These systems require an initial beam with a high 
30 spectral purity (i.e. monochromatic radiation or 

radiation in a narrow spectral band) and a high spatial 
coherence (i.e. parallel radiation or radiation with a 
small angular divergence) . WiUcins proposed a system 
which reduces the requirement for spectral purity by 
35 using an angle analyzer that does not rely on Bragg 

diffraction- Wilkins ' system can use radiation with a 
wider wavelength band (a wider spectral range) because 
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refraction does not strongly depend upon wavelength, and 
the detector does not use Bragg diffraction which would 
introduce wavelength dependence. 

The systems of Mitrofanov, Belyaevskaya, and 
5 Wilkins all detect radiation refracted in objects. 
Measuring the small angular deviations caused by 
refraction of penetrating radiation requires high 
spatial coherence of initial radiation and extremely 
accurate measuring devices. Narrow collimation of 

10 radiation from a source can provide a beam with high 
spatial coherence, but such narrow collimation uses 
only a small portion of the radiation from a typical 
source. Typically, only 10* to 1CT* of the total photon 
flux emitted by the source is usafcle. Accordingly, 

15 imaging a large object using a refractive system may 
require too much energy to be practical* 

Imaging systems are needed that are more energy 
efficient and capable of quickly forming images of 
large objects. 

20 

SUMflftRY PF THE TNVENTJQN 

Embodiments of the invention provide 
diffraetometric imaging using radiation diffracted from 
objects containing chemical materials such as plastics, 

25 explosives, and crystals and biological materials such 
as muscle, mucus, cartilage, bones, hair, and feathers 
which have ordered atomic or molecular structures. One 
embodiment of the invention provides a method of 
imaging objects and performing an analysis of the 

30 structure and materials in objects. The method 

includes irradiating an object with a set of separate, 
divergent pixel-beams of penetrating radiation and 
detecting integrals of the intensity of diffracted 
radiation around each pixel-beam after the pixel-beam 

35 passes through the object. 
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Passing penetrating radiation through an array of 
apertures formed in a material that is non-transparent 
to the radiation forms pixel-beams. The separation 
between the apertures and therefore the initial 
5 separation between the pixel-beams should be large 

enough for a detector to resolve the distributions of 
intensity around each beam without interference from 
the diffracted intensity distributions of the 
neighboring pixel-beams. Allowing the pixel-beams to 

10 diverge from each other improves the detector's ability 
to resolve separate diffraction patterns and allows a 
greater portion of the flux from a radiation source to 
be used in imaging and analysis. For example, a 
hemishperioal portion of the radiation flux can be 

15 divided into a set of pixel -beams that diverge by as 
much as 90° from the center of the radiation pattern. 

For biological objects, typical apertures have 
diameter in a range from 20 to 100 microns and 
preferably within a range of from 20 to 60 microns. In 

20 order to increase sensitivity of the method, the 

radiation not deflected in the object and the refracted 
radiation which is deflected at small angles, in the 
range from 0 to 10 seconds of arc, are prevented from 
reaching the detector and hence are not detected. A 

25 filter, which includes an array of opaque regions 
placed in the path of the initial pixel-beams at a 
position between the object and the detector, can block 
the non-diffr acted radiation. The size of the each 
opaque region corresponds to the size of a pixel-beam 

30 at the plane of the region plus a lateral extension to 
block radiation refracted from the pixel-beam. 

An image of the object is formed from an array of 
pixels, each of which has an intensity determined from 
the intensity of diffracted radiation which is detected 

35 in the vicinity of a corresponding pixel -beam. The 

method aiso allows structural analysis of an object by 
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detecting radiation distributions in diffraction 
patterns around the pixel-beams. The radiation 
distributions around a pixel-beam contains information 
about ordered materials along the path of the pixel- 
5 beam through the object. 

The angular positions of reflexes and their 
corresponded intensity provides information about the 
structure of the material which produced the 
diffraction pattern. The diffraction pattern can be 
10 used for medical diagnostic purposes such as 

distinguishing normal tissues from abnormal tissues 
(such as cancer} in biological objects or in security 
applications for identifying particular chemical 
compounds (such as explosives or contraband) in luggage 
15 or other sealed containers- 

As an alternative to forming pixel-beams, passing 
penetrating radiation though a spatial filter 
containing an array of opaque regions or barriers forms 
an incident radiation pattern having an array of 
20 shadowed regions. For example, if a first spatial 

filter contains an array of apertures which forms an 
array pixel beams. An alternative spatial filter , 
which* is opaque (transparent) where the first spatial 
filter is transparent (opaque) , forms a radiation 
25 pattern that is the "negative" of the pattern of 

radiation in the pixel-beams. Diffraction in an object 
deflects some radiation into the shadowed regions, and 
the pattern of diffracted radiation in each shadowed 
region can be analyzed in the same manner as the 
30 diffraction pattern around a pixel-beam described 
above. 

One embodiment of the invention is an apparatus 
for imaging and/or structural analysis of objects. The 
apparatus includes: a source of penetrating radiation; 
35 an object holder; and a first spatial filter placed 
between the source and the object holder. The first 
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spatial filter forms a spatially modulated pattern of 
penetrating radiation from the source • The spatially 
modulated pattern can contain divergent radiation from 
the source to increases to increase efficiency, use of 
5 divergent radiation improves efficiency because the 
divergence angle determines the fraction of the total 
flux which is spatially modulated to form the incident 
radiation pattern. To improve collimation and spatial 
coherence of the spatially modulated pattern , a second 

10 spatial filter can be placed between first spatial 
filter and the object holder- The second spatial 
filter contains a pattern of opaque regions which is 
the same an a pattern in the first spatial filter but 
is expanded in size according to distance from the 

15 source. A third spatial filter between the object 

holder and a detector has opaque regions along the non- 
deflected path of radiation from the first spatial 
filter to block non-deflected radiation and provide a 
dark field imaging system. 

20 

BRj1?F PBscfiimoy OF THfl DRAWING 

Fig. 1 is a diagram of an imaging apparatus in 
accordance with an embodiment of the invention* 

Fig. 2 illustrates the collimating part of an 
25 apparatus of Fig. 1. 

Fig. 3 shows scattering of radiation in an object 
and an embodiment of spatial filters which discriminate 
an angular range of diffracted radiation for imaging or 
analysis . 

30 Fig. 4 shows another embodiment of the spatial 

filters which select radiation for imaging or analysis. 

Use of the same reference symbols in different 
figures indicates similar or identical items* 

35 DETAILED DESCRIPTION OF THE_PREFERRED EMBODIMENTS 
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Diffraction of radiation occurs when particles 
such as atoms, molecules, sub-molecular fragments in an 
object have structure with some degree of order on a 
scale about equal to the wavelength of the radiation. 
A perfect crystal is an example of a highly ordered 
structure. Oases have much less order. However even 
in a gas, molecules scatter radiation with a non- 
monotonic angular distribution about the direction an 
initial beam, and the distribution is characteristic of 
the molecules and supra-molecular clusters in the gas. 
Accordingly, the angular distribution of radiation 
scattered from a gas contains information about the 
structure of molecules in the gas and clusters which 
are formed by the molecules in the gas. 
15 Diffracted radiation distributions are oeatro- 

symmetrical, and have characteristic patterns which can 
identify a material. Crystalline materials and many 
jion-crystalline materials such as cellulose, mucus, 
muscle, cartilage, some plastics have ordered structure 
20 and distinct diffraction patterns, other materials 
have diffusive diffraction patterns which still 
distinguish the degree of order in the structure. 
Distributions for some materials such as mucus and 
powdered monocrystals have circular maximums of 
25 intensity (or reflexes in the sense in which the term 
is used in the book "x-ray diffraction » by B. E. 
Warren, Dover Publication, Inc, NY) . Mucus has 
circular reflexes because the orientation of molecules 
in mucus is relatively random. Material like muscle 
30 which contains fibers oriented in one direction have 
meridional and equatorial reflexes. Highly ordered 
materials such as monocrystalline materials have 
spotlike reflexes in a symmetrical pattern - 

Hie angular distribution, symmetry, and intensity 
35 of the diffraction pattern from a material indicates 
the structure of the material, if a material contains 


-6- 


PAGE 13/44 ■ RCVD AT 11/9/2005 3:32:34 AM [Eastern Standard Time]* SVR:USPTO-EFXRF-6/24 ' DNIS:2738300 ■ CSID:04971 17800996 ■ DURATION (mm-s$):0842 


9. NOV. 2005 9:35 


+49 711 7800996 KSMPATENT 


NR. 055 S. 14/44 


WOJW/38722 PCTTOSM/07SS5 


no prefer axis of orientation, a diffraction pattern is 
generally symmetric about a central axis of an initial 
beam and tends to contain separate circular reflexes. 
If the material has a distinguishable axis of 
5 orientation, the diffraction pattern tend to have 
axially variations and standalone reflexes of some 
form* 

The angles of diffraction of X-rays from an 
ordered structure are governed by Bragg' s equation, 
10 sin(e) « n*(X)/(2*D), where 2d is the diffraction 
angle, n is an integer which is the order of 
diffraction maximum, X is the X-ray wavelength , and D 
is period of ordered structure, i.e. the distance 
between repeating fragments* The periodicity D of 
is structures has different values for different 
materials, and the composition of the periodic 
structure and the angle e determine the intensity of. 
diffraction reflexes- For example, an intense reflex 
for mucus has periodicity D equal to 48 &, and has 
20 angle e equal to 0.9° at wavelength X of o. 71 A, An 
intense reflex for one type of muscle is produced by 
periodic structure with periodicity D equal to 143 A, 
which correspond to an angle 6 equal to 0.15*. 

For X-rays, diffraction angles are typically 
25 orders of magnitude larger than refraction angles. 

Typical refraction angles for X-rays in most materials 
are less than about 10 arcsec, and typical diffraction 
angles are two to three orders of magnitude larger. Xn 
the above examples, the diffraction angles are about 
30 540 arcsec for muscle and about 3000 arcsec for mucus. 
The large difference between scattering angles for 
diffraction and refraction means that equipment for 
measuring refracted radiation is often not suited for 
measuring diffracted radiation. 
35 Fig. 1 shows an embodiment of an apparatus 100 for 

diffractive imaging and/or structural analysis of an 
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object 140. Object 140 can be any type of object to be 
imaged or analyzed. A holder adapted for the type of 
object 140 under investigation places and fixes object 
140 for exposure to' multiple pixel-beams 115 from a 
5 radiation source 110. The term pixel-beam as used 
herein indicates a beam used to obtain information 
about structure of a portion of object 14 o along the 
path of the beam- in one embodiment , each pixel-beam 
is used to obtain information for one pixel in an image 
10 or projection of object 140. In medical applications, 
object 140 could be a patient or a sample, and 
conventional devices for placing patients and samples 
can be used. In security applications, conventional 
holders such as for holding luggage during scanning for 
15 weapons or explosives would be used. 

Radiation source 110 is a conventional source of 
X-rays , neutrons, or other penetrating radiation. 
Examples of sources of such radiation include a 
Roentgen tube, a synchrotron, or radio active source 
20 such as a cobalt 60 gun. ' In one embodiment, source 110 
is an x-ray tube with a f ilter-monochromator which 
provides nearly monochromatic radiation, with a 
diameter of focus (bright spot) of about 6 to 10 
microns. In one embodiment, source 110 is a microfocus 
25 source, such X-ray sources are well known standard 
devices in radiology. 

A first spatial filter 120 and a second spatial 
filter 130 are between source 110 and object 140. 
Spatial filters 120 and 130 are constructed of a 
30 material that is opaque to the penetrating radiation 

from source 110, and each of spatial filter 120 and 130 
contains an array of apertures 123 or 133. Each of the 
apertures 123 has a corresponding aperture 133 which is 
centered along a line from source 110 through 
35 corresponding apertures 123 and 133. Apertures 123 and 
133 have sizes on the same order of magnitude as the 


-8- 


PAGE 15/44 * RCVD AT 1119/2005 3:32:34 AM [Eastern Standard Time]' SVR:USPTO€FM24 1 DNIS:2738300 ■ CS1D:0497117800996 * DURATION (mm-SS):0842 


9. NOV. 2005 9:36 +49 711 7800996 KSMPATENT 


NR. 055 


S. 16/44 


WO 9(5/38722 PCT/0S96/O7555 

size of source 110, but each aperture 13 3 in spatial | 

filter 130 is larger than the corresponding aperture 

123 in spatial filter 120. 

Spatial filters 120 and 130 provide an array of 
5 pixel-beams 115 that are colligated in the sense that 

each pixel-beam has a minimal semi -shadow component 290 

as shown in Pig. 2. Spatial filter 13 0 removes semi- 
shadow portion 290 of the radiation passing through 

filter 120 and removes portion 280 of radiation 
10 scattered or Fresnel diffracted by the edges of 

apertures in spatial filter 120. Spatial filter 130 is 

removed in some embodiments to increase the intensity 

of radiation in pixel beams 115 at the expense of 

increased angular spread and reduced spatial 
15 uniformity. Alternatively, one or more additional 

spatial filters containing progressively larger 

apertures can be placed between spatial filter 130 and 

object 140 to better remove radiation scattered at 
. edges of apertures in preceding filters- Typically, 
20 the apertures in a spatial filter are circular with a 

diameter equal to the diameter of the pixel-beam at the 

plane of the filter, but any shape may be employed. 

For example, square apertures may increase the 

efficiency of the detector by increasing the amount of 
25 radiation from source 110 used for imaging* . 

in an exemplary embodiment where source 110 

generates X-rays from the Kc line of molybdenum, at a 

wavelength of about 0.71 A, spatial filter 120 contains 

a plurality of circular apertures with diameter about 
30 10 to 2000 microns. In security applications such as 

luggage scanning, relatively large apertures (and 

pixel-beams) up to about 2 mm in diameter can be used. 

in medical applications where much higher resolution is 

desired, typical aperture diameters are from 10 to 50 
ZS microns. The aperture size is selected according to 

Presnel diffraction effects and the desired resolution 
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of apparatus 100 > The material selected for spatial 
filters 120 and 130 should have high absorption at 
given wavelength. For example, copper or tin may be 
used to absorb X-rays with wavelength of 0,71 A. 
5 spatial filters 120 and 130 can be formed using 

conventional technologies for etching and/or laser 
drilling. Similar techniques with similar accuracy 
have been used in the manufacture of color CRTs for 
computer monitors* 

10 Pixel-beams 115 diverge from each other ♦ 

Divergence of pixel beams 115 from each other is useful 
because the spacing between the centers of the pixel 
beams increases with distance from source 110 and 
provides more space for detecting changes in the pixel 

15 beams caused by object 140. The additional space is 
useful in embodiments which analyze diffraction 
patterns for each pixel-beam. Additionally , central 
portions of pixel beams 115 pass unobstructed from 
source 110 to object 140 f increasing the usable energy 

20 from source 110 when compared to systems which require 
pixel beams to be nearly parallel to each other. 
Source 110 can be placed closer to spatial filter 120 
to provide greater divergence and a more compact 
measuring system. Using divergent beams utilizes a 

25 larger fraction of the output energy from source 110 ♦ 

For example, beams with a 45° divergence enable the use 
of up to about 8% of the total flux from source 110. 
In some systems which rely on refraction, the beams are 
nearly parallel and typically contain less that 10^ of 

30 the radiation from a source. 

A further efficiency provided by detecting 
diffracted radiation is that more divergence is 
permitted in each individual beam. Divergence in a 
beam tends to blur an image but is acceptable when the 

35 divergence is less than the angles being detected. 

Diffraction angles are relatively large when compared 
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to the refraction angles used by some other system- 
Because diffraction angles are relatively large, some 
embodiments of the invention use divergent pixel-beams, 
and tolerate small distance between source 110 and 
5 spatial filter 120. The distance between source 110 
and spatial filter 120 can be one the order of 
centimeters and provide each pixel beam with a 
divergence greater than typical angles of refraction. 
The separations of centers of apertures 123 in 

10 spatial filter 120 are selected according to whether an ■ 
image is formed and/or diffraction patterns are 
analyzed. For analysis of diffraction patterns, 
apertures 123 should be separated from each other by a 
distance which allows measurement of separate 

15 diffraction patterns for each pixel-beam 115. The 
optimal distance between centers of neighboring 
apertures 123 depends on the divergence of pixel-beams 
115 from each other, the divergence within each pixel- 
beam 115, the expected angle of diffraction caused by 

20 object 140 f the distance from source 110 to a detector 
170 , and the spatial sensitivity of detector 170* The 
distance between centers of apertures 123 should be 
such that the diffraction patterns around two adjacent 
pixel-beams 115 do not overlap at detector 170. 

25 However, some overlap is acceptable because 

mathematical analysis of the intensity patterns can 
separate radiation diffracted from different pixel- 
beams 115. 

For some types of imaging of object 140/ the 
3D amount of diffracted radiation is represented in the 
image, and diffracted radiation from a pixel-beam can 
overlap with diffracted radiation from a neighboring 
pixel-beam to increase optical density in the image. 
Allowing an overlap increases: the number of pixel- 
35 beams 115 passing through object 140? the fraction of 

radiation from source 110 used for imaging in apparatus 
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100; and the portion of object 140 probed by a single 
exposure. 

Pixel-beams 115 pass through, and interact with the 
matter of object 140. In the course of the interaction 
5 radiation of each pixel-beam 115 is partly absorbed, 
partly refracted, partly non-coherently scattered, and 
partly diffracted by ordered structures of object 140. 
Absorption modulates the intensity of a resulting image 
as in conventional imaging technology. A spatial 
10 filter 150 blocks the refracted portion of the pixel- 
beam and portion which did not interact with matter in 
object 140. 

Spatial filter 150 is between object 140 and 
detector 170 and contains opaque regions 158 which are 

15 attached to intersections in a mesh (not shown) . 

Alternatively, opaque regions 158 could be attached to 
a transparent material which does not scatter, 
diffract, or absorb the radiation from source 110. 
Opaque regions 158 are positioned where pixel-beams 115 

20 would cross the plane of spatial filter 150 if object 
140 was absent, and the sizes of regions 158 are 
selected to block radiation in non-deflected radiation 
and radiation refracted in object 140. Regions 158 
have a shape (circular, square, or other) corresponding 

25 to the shape of apertures 123 and 133 in spatial 
filters 120 and 130* 

One embodiment of spatial filter 150 contains 
regions 158 that are circular caps having the form of 
cake pans, built from highly absorbing material. The 

30 bottom of each caps has radius R, which is 
* = B + r + d, 
where B is radius of pixel-beam 115 at the plane of 
spatial filter 150, r is the broadening of pixel-beam 
115 caused by refraction in object 14 0, and d is the 

35 additional broadening which may be caused by 

diffraction at the edges of apertures 133. in one 
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implementation, value r is the displacement caused by 
about a 10 arc second angle and outs off all refracted 
radiation. The walls of the caps are formed from the 
same material as the bottom and have a height several 
5 times the radius & of the bottom r 4*R in some 

embodiments , The walls of the caps prevent radiation 
scattered from the cap's bottom from irradiating object 
140 or detector 170. 

spatial filter 150 also includes optional opaque 

10 regions 159 which surround opaque regions 158 and block 
radiation diffracted at large angles. Radiation 
reaching detector 170 passes through annular openings 
153 in spatial filter 150 between opaque regions 158 
and 159. A spatial filter 160 placed after spatial 

15 filter 150 and before detector 170 also has opaque 
regions 168 and 169 which are separated by annular 
openings 163. Opaque regions 168 correspond to opaque 
regions 158, and opaque regions 169 correspond' to 
opaque regions 159. The combination of opaque regions 

20 158 , 159, 168 , and 169 filter out diffracted radiation 
which is diffracted at angles outside a range of 
particular interest for structural analysis. By 
selecting the sizes of opaque regions 158, 159, 168, 
and 169, a specific range of angles of diffracted 

25 radiation can be detected. The resulting diffraction 
pattern which is available for measurement at detector 
170 could, for example, be a set of diffraction 
reflexes which identify particular types of structures 
or chemicals with object 140* 

30 The angles of radiation detected by detector 170 

can be varied by changing spatial filters 150 and 160. 
In one embodiment of the invention , regions 158 have 
adjustable size and can be expanded to filter radiation 
which is diffracted at angles less than 3o*e particular 

35 angle of the specific interest for structural 

investigation. "In another embodiment of the invention, 
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spatial filters 150 and 160 are movably mounted so that 
the distances between spatial filter 150 and spatial 
filter 160 f and from object 150 to spatial filter 150 
or 160 can be varied. 
5 For imaging, the brightness of a pixel in an image 

is proportional to the intensity of radiation 
diffracted from a corresponding pixel-beam. Spatial 
filter 160 and regions 159 can be removed to allow all 
diffracted radiation to pass to detector 170 so that 

10 all of the diffracted radiation is harvested and a 
brighter image results. Since the intensity of 
diffracted radiation decreases with increasing angle, 
large angle diffracted components can be effectively 
removed from an image formed on film, by controlling 

15 exposure time so that the large angle components do not 
significantly expose the film. 

Detector 170 is a conventional detector such as a 
photo-film, a luminescent screen and optical system for 
measuring or recording light resulting when penetrating 

20 radiation strikes the luminescent screen, or a 

pixellated two-dimensional detector adapted for the 
type of radiation from source 110. For structural 
analysis of object 140 , digital detectors facilitate 
numerical processing of measurements of the diffraction 

25 pattern. Typically, a general purpose computer (not 
shown) such as a personal computer or special purpose 
analyzer may be connected to detector 170 to perform 
the required analysis. 

Russian patent application No. 94042608/25 

30 (042777) , entitled "Method of Obtaining an Object 

Projection by Means of Penetrating Radiation and an 
Apparatus for its Implementation", filed November 3D, 
1994/ by Alexey V. Kurbatov and Pavel 1. Lazarev, 
■ describes detector systems for dark field imaging and 

35 analysis of penetrating radiation and is incorporated 
by reference herein in its entirety. The detectors 
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described in Russian application No. 94042608/25 
(042777) can be employed of the present invention. 

In an exemplary embodiment of apparatus 100, 
source 110 is an X-ray source which emits radiation 
5 having wavelength of 0.3 k from a focal area having a 
radius of 10 microns. Spatial filter 120 is 0.2 m from 
source 110 and has circular apertures 123 with radius 
of 10 microns and center -to-center distance of 45 
microns* Spatial filter 120 is made of a material such 

10 as lead (Pb) or zirconium (Zr) which is good absorber ■ 
of 0,3 i X-rays. The material of a spatial filter is 
desired to be a good absorber of the radiation with 
relatively little scattering at the wavelength Df the 
radiation used. The X-rays absorption and scattering 

15 properties of many materials are listed in commonly 
used handbooks dealing X-ray physics and structural 
analysis. See, for example, "The Powder Methods in X- 
ray Crystallography" by L,V. Azaroff and M.J. Buerger, 
1958, London, Toronto. The thickness of spatial filter 

20 120 depends on the material used, and for the case of 
lead is about 750 microns. 

In the exemplary embodiment, spatial filter 130 is 
absent, and spatial filter 150 is 0.09 m from spatial 
filter 120. Object 140 has a thickness of about 0.06 m 

25 and a front edge that is next to spatial filter 120, 

making the back edge of object 140 0.03 m from spatial 
filter 150. With this geometry, undeflected pixel- 
beams have a radius of 19 microns and a center-to- 
center distance of about 65 microns at the plane of 

3D detector 170. Opaque regions 158 in spatial filter 150 
have radius of 21 microns which is slightly larger the 
radius of the initial beam at the plane of spatial 
filter 120. Regions 159 are absent, and gaps between 
regions 158 which are about 23 microns wide allow 

35 diffracted radiation to pass through spatial filter 150 
to detector 17 o: In the exemplary embodiment, opaque 
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10 


15 


regions 158 are caps having walls extending toward 
object 140. The walls stop radiation at large angles, 
which, could otherwise pass through spatial filter 150. 
The walls on a region 158 reduce the angle of radiation 
which can pass through an adjacent gap in spatial 
filter 150- Accordingly, adding walls to opaque 
regions 158 makes spatial filter 150 more angle 
sensitive. Spatial filter 160 can be added to further 
increases angle sensitivity* By choosing distances and 
sizes of components in filters 150 and 160 r one can 
create filter systems of different angle sensitivity. 

Table 1 indicates diffraction angles and reflex 
radii, at spatial filter 150 in the exemplary 
embodiment, for reflexes of typical biological 
materials. Haterial at the front edge of object 140 
(left edge in Pig. 1) produces larger reflexes than 
material at the back edge of object 140 because the 
back edge is closer to spatial filter ISO. 


20 


Table 1. 


Periodicity D 
(material) 

Diffraction 
Angle 26 

Radius of 
reflex from 
front edge 
diffraction 

Radius of 
reflex from 
back edge 
diffraction 

48 A (mucus) 

0,36° 

5fi0 Mm 

180 jra 

143 A (muscle) 

0.12° 

180 ^m 

60 Mm 

K200 A 

J (cartilage) 

0.08° 

126 Mm 

40 ma 

I429 A (muscle) 

0.04° 

63 m 

20 pm 


25 


30 


35 


In some embodiments, spatial filters 150 and 160 
remove reflexes having large radii that spread 
radiation across multiple pixels. This improves image 
resolution because radiation from each pixel beams is 
confined to a smaller area in the image- For example, 
spatial filters. 150 and 160 can remove the radiation 
that forms the reflex from mucus corresponding to 
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periodicity of 48 A- This reflex has a large angle of 
diffraction (0.36°) which creates at spatial filter 150 
a large reflex (560 microns) when diffraction takes 
place at the front edge of object 140- About ten 
5 different gaps between regions 158 receive radiation 
from this reflex of mucus which blurs the image across 
ten pixels. Accordingly, the resolution of a 
projection is lower using the reflex corresponding to 
48 A periodicity in mucus than the resolution using a 

10 reflex corresponding to a longer periodicity. For 
example, a reflex for mucus corresponding to 
periodicity 90 A r which is not listed in the table 
above, is about as bright as the reflex for periodicity 
of 48 A and has a reflex radius of about 390 microns, 

IS This provides almost twice the resolution as the 48 A 
reflex. 

Placing object 140 closer to spatial filter 150 
also enhances resolution. Resolution (or the size of 
the reflex frcm diffraction at the front edge of object 

20 140) improves by a factor 1.3 if the back edge of 
object is o.oi m from filter 150 instead of O.03 m. 
Reflexes from the back edge of object 140 are 3 times 
smaller. Smaller wavelengths create better resolution 
because all reflexes are diffracted at smaller angles 

25 and resolve details with better accuracy. Tomography 
or analysis of multiple projections of object 140 from 
different angles can also improve resolution of the 
diffracting tissue. 

The embodiment of Fig. l contains spatial filters 

30 120, 130 , 150, and 160 and detector 170 , all of which 
are planar. Alternatively, spatial filters 120, 130, 
150, and 160 and detector 170 can be spherical in form 
which corresponds to the form of the radiation front 
emitted by source 110. In this case, spatial filters 

35 120, 130, and 160 are portion of spheres of absorptive 
material,' centered on source 110, and containing 
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regularly spaced apertures. For spherical spatial 
filters , apertures having the same size transmit equal 
amounts of radiation- For planar filters, the angle of 
incidence and intensity of radiation changes with 
5 distance from source 110. £o provide uniform intensity 
pixel-beams 115 in .some embodiments, the size and shape 
of apertures 123, 133, 153, and 163 vary across the 
surface of the spatial filters 120, 130, 150, and 160. 
In a second exemplary embodiment, source 110 is at 

10 the center of semi-spherical spatial filter 120, and 

the distance between source 110 and spatial filter 120 
is such that apertures 123 create pixel-beams 115 that 
diverge from each other and have a center- to- center 
separation at spatial filter 150 that is larger than 

15 the radius of the reflexes produced by object 140. 
With this geometry, the diffraction patterns can be 
used for imaging of object 140 and/ or for detailed 
analysis of the angular and axial distributions of 
intensity in a diffraction pattern from each pixel- 

20 beam 115. 

in addition to structural analysis and forming 
images of object 140 using a single projection of 
pixel-beams 115 through object 140, object 140 can be 
rotated to form multiple projections., well known 

25 tomography techniques can be employed to provide three- 
dimensional maps of the structure of object 140. 

Figs. 3 and 4 show alternative embodiments of 
. spatial filters between object 140 and detector 170* A 
pixel-beam has a portion I+R which either did not 

30 interact with object 140 or was refracted by object 

140. Portion I+R is blocked by region 158* The non- 
coherently scattered portion of radiation is typically 
deflected at angles larger than the diffraction angles, 
and is absorbed by a spatial filter 360 (Fig. 3) or a 

35 spatial filter 460 (Fig* 4). 
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The embodiment of Pig. 3 differs from the 
embodiment of Fig. 4 in that spatial filter 360 
contains opaque regions 368 in central portions of each 
aperture 363 and in that apertures 363 in spatial 
5 filter 360 are larger than apertures 463 in spatial 
filter 460. By changing form and size of opague 
regions 368 and/or apertures 363, a desired angular 
range of diffracted light can be selected for detection 
by detector 170 to obtain images or analysis of 

10 particular diffraction angles. 

Figs. 3 and 4 show diffracted radiation for two 
types of structures inside object 14 0, one structure X 
diffracts radiation at an angle a and another structure 
Y diffracts radiation at an angle 6. Spatial filter 

15 360 blocfcs radiation at angle a for imaging object 140 
using radiation diffracted at angle B. Spatial filter 
460 blocks radiation at angle & for imaging of object 
140 using radiation diffracted at angle a. Imaging 
object 140 twice, once with spatial filter 360 and once 

20 with spatial filter 460, shows the presence and 

locations of structures X and Y. The two step process 
eliminates overlapping of radiation which could obscure 
the location of structure X or Y. 

A non-invasive imaging process using apparatus 100 

25 for detecting the presence of an abnormal tissue such 
as cancer in a patient can be implemented using 
measurable differences in the diffraction patterns for 
normal and abnormal tissue. For example, normal and 
sickle anemic erythrocytes have distinct diffusive 

30 scattering patterns , Similarly, mucus from normal and 
from sub-lethal irradiated rats have different distinct 
diffraction patterns. To identify and locate abnormal 
tissue, a patient can be imaged using a spatial filter 
360 that selects radiation diffracted at an angle B 

35 Known to be present in the diffraction pattern for the 
abnormal tissue; Spatial filter 360 is replaced with 
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spatial filter 460 to select radiation diffracted at 
angle a present in the diffraction pattern of normal 
tissue, and the patient is imaged again* The two 
images can be compared to determine the presence and 
5 location of abnormal tissue relative to normal tissue* 
Although the present invention has been described 
with reference to particular embodiments, the 
description is only an example of the invention's 
application and should not be tajcen as a limitation, 

10 In particular , even though much of preceding discussion 
was aimed at forming images using X-ray radiation, 
alternative embodiments of the invention include use of 
other penetrating radiations such as neutrons which 
have wavelengths similar to X-rays. Various other 

15 adaptations and combinations of features of the 

embodiments disclosed are within the scope of the 
present invention as defined by the following claims. 
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We claim: 

1. A method for examining the structure of an 
object, comprising: 

irradiating the object with a plurality of 
S pixel-beams which diverge from each other; and 

detecting, for each of the pixel-beams, an 
intensity of diffracted radiation around a non- 
deflected path of each of the pixel-beam. 

10 2- The method of claim l r wherein detecting 

intensity for a pixel-beam comprises measuring an 
integral of the intensity of the diffracted radiation 
around the pixel-beam* 

15 3, The method of claim 1, wherein detecting 

intensity for a pixel-beam comprises measuring a 
diffraction pattern around the pixel- beam. 

4. The method of claim 3, wherein measuring the 
20 diffraction pattern comprises measuring an angle at 
which the diffraction pattern has a reflex. 

5* The method of claim 1, wherein detecting 
intensity for a pixel-beam comprises: 
25 blocking radiation which is outside a range 

of angles with the pixel-beam; and 

measuring intensity of radiation within the 
range of angles. 

30 6^ The method of claim 1, further comprising 

irradiating a first spatial filter with a penetrating 
radiation, wherein the first spatial filter has a first 
array of apertures formed therethrough and radiation 
Which passes through the first array of apertures forms 

35 the pixel-beams. 
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7, The method of claim 6, further comprising 
irradiating a second spatial filter with the 
penetrating radiation which passes through the first 
array of apertures , wherein the second spatial filter 
5 has a second array of apertures formed therethrough, 
wherein each aperture in the second array is centered 
along a line which passes through the source and a 
center of a corresponding aperture in the first array* 

10 B. The method of claim 1, wherein irradiating the 

ofcject comprises irradiating the object with pixel- 
beams that are sufficiently separated that diffraction 
patterns caused by diffraction of neighboring pixel- 
beams in the object do not overlap where diffracted 

15 intensity is detected, 

9. The method of claim 1, further comprising 
filtering radiation which passes through the object to 
remove radiation not deflected by the object and 
20 radiation refracted in the object, wherein filtering 
occurs before detecting intensity. 

10- A diagnostic procedure comprising: 

irradiating a tissue with a first plurality 
25 of pixel-beams of a penetrating radiation, wherein 

the pixel-beams simultaneously pass through the 

tissue; and 

measuring, for each pixel-beam, radiation 

which exits the tissue at a first angle relative 
30 to a non-deflected path of that pixel-beam, 

wherein the first angle corresponds to a reflex 

found in a diffraction pattern for - an abnormal 

tissue* 
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11. The procedure of claim 10 , further comprising 
spatially filtering radiation which exits from the 
tissue surrounding a non-deflected path of a pixel 
beam, wherein the filtering selects radiation within a 
first range of angles with the non-deflected path, and 
the first range includes the first angle - 

12. The procedure of claim 10, wherein the pixel- 
beams are divergent from each other. 


13, The procedure of claim 10, wherein measuring 
comprises forming an image of the tissue, wherein the 
image comprises pixels that correspond to the pixel- 
beams, each pixel having an intensity which depends on 

15 an intensity of radiation diffracted from a 

corresponding pixel beam, at the first angle with the 
corresponding pixel beam. 

14. The method of claim 10, further comprising: 
20 irradiating a tissue with a second plurality 

of pixel-beams of the penetrating radiation, 
wherein the second plurality of pixel-beams 
simultaneously pass through the tissue; 

measuring, for each pixel-beam in the second 

25 plurality, radiation which exits the tissue at a 

second angle relative to a non-deflected path of 
that pixel-beam, wherein the second angle 
corresponds to a reflex found in a diffraction 
pattern for a normal tissue; and 

30 comparing the measurement of the radiation at 

the first angle to the measurement of the 
radiation at the second angle. 
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15- An apparatus for examining an object, 
comprising: 

a source of penetrating radiation; 
a first spatial filter positioned to divide 
5 radiation from the source into a plurality of 

separate beams which simultaneously irradiate the 
object; 

a second spatial filter positioned to filter 
radiation from the beams which emerges from the 

10 object, the second spatial filter having an array 

of separate regions which are opaque to the 
penetrating radiation, wherein each opaque region 
corresponds to one of the beams and is positioned 
and sized to block radiation from the 

15 corresponding beam which passes undef lected 

through the object and block radiation from the 
corresponding beam which is refracted by the 
object; and 

a detector of the penetrating radiation 

20 positioned to measured radiation from the beams r 

which passes through the second filter* 

16, The apparatus of claim 15, wherein the first 
spatial filter comprises a layer of material which is 

25 opaque to the penetrating radiation, the layer having 
an array of apertures formed therethrough. 

17. The apparatus of claim 16 f further comprising 
a third spatial filter which comprises an opaque layer 

30 having an array of apertures formed therethrough, 

wherein each aperture through the third spatial filter 
is along a line through the source and a corresponding 
one of the apertures in the first spatial filter and is 
larger than the corresponding aperture in the first 

35 spatial filter. 
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18. The apparatus of claim 16, wherein -the layer 
of material is formed in the shape of a portion of a 
sphere centered on the source. 

5 19. The apparatus of claim 15 # wherein each 

opaque region of second spatial filter comprises: 

a bottom region having a normal parallel to 
an undef lected direction of the corresponding 
beam; and 

10 a wall which surrounds a perimeter of the 

bottom region* 

20. The apparatus of claim 15 , wherein the opaque 
regions have a size which can be adjusted by a user. 

15 

21. The apparatus of claim 15, wherein the second 
spatial filter further comprises a layer of material 
which is opaque to the penetrating radiation, wherein 
the layer has an array of apertures formed 

20 therethrough, and each of the opaque regions is located 
in a central portion of one of the apertures through 
the layer and is surrounded by an area which is 
transparent to the penetrating radiation, 

25 22. The apparatus of claim 21, wherein the layer 

of material is formed in the shape of a portion of a 
sphere centered on the source. 

23. A method for examining the structure of an 
30 object, comprising: 

irradiating the object with a spatially 
• modulated radiation pattern, the radiation pattern 
having dark portions which are void of radiation; 
and 

35 detecting, in each dark portion, an intensity 

of diffracted radiation. 
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24* She method of claim 23, wherein: 

the spatially modulated radiation pattern 

comprises a plurality of beams of radiation; and 
the dark portions surround the beams. 
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AMENDED CLAIMS ^ /A _ 

[received by the International Bureau on 6 August 996 * 96 >' 
original claims 10,23 and 24 cancelled; original claims 1-3, 
s JTll-W araenctads new claim 25 added; remaining claims 
unchanged (5 pages)] 

1. a method for examining the structure □£ an 

5 object, comprising! 

irradiating the object with a plurality of 
beams which diverge from each other, wherein the 
beams are separated from each other and 
simultaneously pass through the object; and 
10 detecting, for each of the beams, an 

intensity of diffracted radiation around a non- 
deflected path of the beam. 

2. The method of claim 1, wherein detecting 

15 intensity for a beam comprises measuring an integral of 
the intensity of the diffracted radiation around the 
non-deflected path of the beam. 

3* The method of claim l, wherein detecting 
20 intensity for a beam comprises measuring a diffraction 
pattern around the non-deflected path of the beam! 

4. The method of claim 3, wherein measuring the 
diffraction pattern comprises measuring an angle at 
25 which the diffraction pattern has a reflex. 

' 5. The method of claim lj wherein detecting 

intensity for a beam comprises: 

blocking radiation which is outside a range 
! 30 of angles with the beam; and 

t measuring intensity of radiation within the 

range of angles, 

6. The method of claim 1, further comprising 
35 irradiating a first spatial filter with a penetrating 
radiation, wherein the first spatial filter has a first 
array of apertures formed therethrough and radiation 
which passes through the first array of apertures forms 
the beams. 

27 
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7. The method of claim 6. further comprising 
irradiating a second spatial filter with the 
penetrating radiation which passes through .the first 
array of apertures, wherein the second spatial filter 
5 has a second array of apertures formed therethrough, 
wherein each aperture in the second array is centered 
along a line which passes through the source and a 
center of a corresponding aperture in the first array, 

10 a. The method of claim 1/ wherein irradiating the 

object comprises irradiating the object with beams that 
are sufficiently separated that diffraction patterns 
caused by diffraction of neighboring beams in the 
object do not overlap where diffracted intensity is 

15 detected. 

9. The method of olaim l, further comprising 
filtering radiation which passes through the object to 
remove radiation not deflected by the object and 
20 radiation refracted in the object, wherein filtering 
occurs before detecting intensity. 

Claim 10 is canceled. 

25 11. A diagnostic procedure comprising: 

irradiating a tissue with a first plurality 
of beams of a penetrating radiation, wherein the 
beams are separated from each other and 
simultaneously pass through the tissue; 

30 spatially filtering radiation which exits 

from the tissue, wherein for each beam, the 
filtering. selects radiation within a first range 
of angles with a non- deflected path of the beam, 
and the first range includes a first angle that 

35 corresponds to a reflex found in a diffraction 

pattern for. an abnormal tissue; and 
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measuring, for each beam, radiation which 
exits the tissue at the first angle relative to 
the non-deflected path of that beam. 

5 12. The procedure of claim 11, wherein the beams 

are divergent from each other. 

13, The procedure of claim 11, wherein measuring • 
comprises forming an image of the tissue, wherein the 
10 image comprises pixels that correspond to the beams, 
each pixel having an intensity which depends on an 
intensity of radiation diffracted from a corresponding 
beam, at the first angle with the corresponding beam, 

15 14. The method of claim 11, further comprising i 

irradiating a tissue with a second plurality 
of beams of the penetrating radiation, wherein the 
second plurality of beams simultaneously pass 
through the tissue; 

20 measuring, for each beam in the second 

plurality, radiation which exits the tissue at a 
second angle relative to a non-deflected path of 
that beam, wherein the second angle corresponds to 
a reflex found in a diffraction pattern for a 

25 normal tissue? and 

comparing the measurement of the radiation at 
the first angle to the measurement of the 
radiation at the second angle. 

30 IS. An apparatus for examining an object, 

comprising t 

a source of penetrating radiation ; 
a first spatial filter positioned to divide 
radiation from the source into a plurality of 
35 separate beams which simultaneously irradiate the 

ob j ect ; 
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a second spatial filter positioned to filter 
radiation from the beams which emerges from the 
object, the second spatial filter having an array 
of separate regions which are opaque to the 
5 penetrating radiation, wherein each opaque region 

corresponds to one of the beams and is positioned 
and sized to block radiation from the 
corresponding beam which passes undef lected 
through the object and block radiation from the 
10 corresponding beam which is refracted by the 

object; and 

a detector of the penetrating radiation 
positioned to measured radiation from the beams, 
which passes through the second filter. 


15 


20 


16. The apparatus of claim 15, wherein the first 
spatial filter comprises a layer of material which is 
opaque to the penetrating radiation, the layer having 
an array of apertures formed therethrough. 


17. The apparatus of claim 16, further comprising 
a third spatial filter which comprises an opaque layer 
having an array of apertures formed therethrough, 
wherein each aperture through the third spatial filter 
25 is along a line through the source and a corresponding 
one of the apertures in the first spatial filter and is 
larger than the corresponding aperture in the first 
spatial filter. 

30 is. The apparatus of claim 16, wherein the layer 

of material is formed in the shape of a portion of a 
sphere centered on the source - 

19. The apparatus of claim 15, wherein each 
35 opaque region of second spatial filter comprises: 
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a bottom region having a normal parallel to 
an undef lected direction of the corresponding 
beam; and 

a wall which surrounds a perimeter of the 
5 bottom region. 

20. The apparatus of claim IS, wherein the opaque 
regions have a size which can be adjusted by a user. 

10 21. The apparatus of claim 15, wherein the second 

spatial filter further comprises a layer of material 
which is opaque to the penetrating radiation, wherein 
the layer has an array of apertures formed 
therethrough, and each of the opaque regions is located 

15 in a central portion of one of the apertures through 
the layer and is surrounded by an area which is 
transparent to the penetrating radiation. 

22. The apparatus of claim 21, wherein the layer 
20 of material is formed in the shape of a portion of a 
sphere centered on the source. 

Claim 23 is canceled. 

25 Claim 24 is canceled. 

25. The method of claim 1, further comprising 
filtering radiation which exits from the object to 
remove radiation not deflected by the object, wherein 
30 filtering occurs before detecting intensity. 
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The above amendments and addition to the claims axe 
believed fully supported by the specification and drawings 
in the international application as filed. Fig. l, for 
example, shows pixel beams separated from each other and 
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